Purpose We aimed to identify non-invasive imaging parameters that can serve as biomarkers for the integrity of the spinal cord, which is paramount to neurological function. Diffusion tensor imaging (DTI) indices are sensitive to axonal and myelin damage, and have strong potential to serve as such biomarkers. However, averaging DTI indices over large regions of interest (ROIs), a common approach to analyzing the images of injured spinal cord, leads to loss of subject-specific information. We investigated if DTI-tractography-driven, subject-specific demarcation approach can yield measures that are more specific to impairment.
Introduction
Diffusion tensor imaging (DTI) [1, 2] -derived indices of injured spinal cord are sensitive to myelin and axonal damage [3] [4] [5] [6] [7] [8] [9] [10] and report on the integrity of the cord at a molecular level that is useful for prognosis of recovery [11] [12] [13] [14] . However, averaging DTI indices over large regions of interest Electronic supplementary material The online version of this article (doi:10.1007/s00234-017-1860-9) contains supplementary material, which is available to authorized users.
(ROIs), a common approach to analyzing the images of injured spinal cord, can lead to a loss of subject-specific information. Therefore, accurate image segmentation of the spinal cord and placement of more biochemically homogeneous ROI around injury epicenter may maximize the potential of DTI indices as non-invasive imaging biomarkers for the severity of SCI.
Methods for spinal cord segmentation can be broadly categorized as manual, automated, and semi-automated. Although most time-consuming, the manual segmentation [11, [15] [16] [17] is highly accurate. However, application of the fully automated methods [18] [19] [20] [21] in clinical environment is complicated by the small size of the spinal cord that often leads to low-resolution images that are suboptimal for fully automated segmentation. In semiautomated methods, compromise is made between the accuracy of the manual method and the efficiency of the fully automated method-by first performing automated segmentation of the entire spinal cord, followed by manual segmentation of the spinal cord columns [21, 22] .
After segmentation, ROIs must be placed along the longitudinal axis of spinal cord. In one conventional approach, an entire neurological region (e.g., cervical region) is defined as an ROI [21, 23] . Examples of other approaches include obtaining finer-grained ROIs by further dividing the neurological regions into arbitrary subregions (e.g., upper, middle, and lower cervical regions) [11] and single-vertebra levels (e.g., C1,…, C8) [14] . In these approaches, the placement of ROIs is entirely anatomically determined; i.e., ROIs are placed at the same anatomically defined regions for all participants, irrespective of their varying levels or size of lesion. Such methods have been successfully used to observe robust correlations between clinical measures of function and DTI indices [11, 14, 21, 23] . However, those methods are also potentially less sensitive to pathological changes due to extensive averaging of DTI index values over regions of healthy spinal cord. Such regional averaging can be minimized by placing the ROIs in regions that are subjectand injury region-specific, reflecting the varying levels and sizes of lesion in each individual [17, 24, 25] .
In this study, we analyzed DTI data in individuals with chronic SCI by first delineating the spinal cord and its columns using a robust semi-automated segmentation method [24, 26] that utilizes DTI fiber tractography [14, 27, 28] , and then adapting a subject-specific ROI placement approach to demarcate individual injury regions. We hypothesized that DTI indices obtained using the DTI tractography-driven, subject-specific ROI placement approach would better correlate with residual sensorimotor function, compared to those obtained using the non-subject-specific, anatomically determined ROI placement approach.
Material and methods Participants
Initially, 19 individuals with chronic cervical SCI gave informed written consent to participate in the study, which was approved by the Johns Hopkins Medicine Institutional Review Board. Data from one individual was eventually excluded from further data analysis, as described in details below. Of the 19 individuals, 15 had traumatic injuries and four had non-traumatic (specifically, transverse myelitis (TM)) injuries. In individuals with TM, a 1-year follow-up chart review was performed to exclude those who subsequently developed neurological conditions that are unrelated to SCI. Subsequently, one individual with TM who was later diagnosed with recurrent disseminated encephalopathy was identified and excluded from further data analysis. The remaining cohort of 18 study participants (20- Previously acquired spinal cord images from 10 healthy individuals (21-49 years, mean 33, M/F ratio 6/4) [24] were used as a control dataset.
Spinal cord injury classification
The International Standard of Neurological Classification for Spinal Cord Injury (ISNCSCI) scoring system, developed by the American Spinal Injury Association (ASIA), was used to determine the level and severity of SCI [29, 30] , and the classification of SCI was provided by the ASIA Impairment Scale (AIS) grade system. The evaluations consisted of testing of five arm and leg muscles to assess residual motor functions, and light touch and pinprick examinations of 28 sensory dermatomes to assess residual sensory functions.
Four ISNCSCI metrics were tabulated: injury level (C2-C6), total motor score (sum of upper and lower extremity motor scores; maximum 100), total sensory score (sum of left and right light touch sensory scores; maximum 112), and the ISNCSCI-tot score (sum of total motor score and total sensory score; maximum 212). For the sensory score, the light touch examination scores were arbitrarily selected for use in the study, as scores from the light touch and pinprick sensory examinations were highly correlated (R 2 = 0.89).
Image acquisition
The image acquisition protocol and analysis pipeline used in this study were previously described in detail [24] and are summarized here. All participants (including both the healthy control and SCI patient cohorts) were scanned on a Philips 3-T scanner, using a 16-channel neurovascular coil. In order to increase the directional resolution of the DTI dataset while minimizing the effect of motion, three DTI scans were acquired and entered into the tensor calculation as separate entities (i.e., no precalculation averaging was performed): multi-slice pulsed gradient spin echo sequence, b = 0 and 500 s/mm 2 , 16 diffusionweighted directions that sample a prolate tensor, TR/TE = 6300/63 ms, SENSE factor = 2, 96 × 96 × 40 volume matrix, 1.5 × 1.5 × 3 mm 3 resolution (axial sections of 3-mm thickness; zero-filled to 0.57 × 0.57 × 3 mm 3 ), and matrix size = 256 × 256 × 40. Field of view was chosen to span the length of the cervical spinal cord. Smith et al. [26] and Landman et al. [31, 32] optimized the above-mentioned imaging parameters used in this study.
Studies have shown that magnetization transfer imaging (MTI) can be used to obtain high-contrast and resolution images that can assist semi-automated segmentation of the spinal cord [6, 24, 26] . For the purpose of this study, we specifically exploited the high contrast and resolution of the MT-weighted images to aid the manual drawing of ROIs within individual spinal cord columns. Note that the MT-weighted images were utilized for ROI placement purpose only, and further analysis of the MT parameters was not performed. MT-weighted images were acquired using a three-dimensional spoiled gradient-echo sequence with multi-shot EPI readout: EPI factor = 3, TR/TE = 102/13 ms, α = 9°, SENSE factor = 2, 368 × 276 × 40 image volume matrix, and 0.61 × 0.69 × 3 mm 3 resolution. MTweighting was achieved using a 24-ms, five-lobed, sinc-shaped saturation pulse with peak amplitude of 8.5 μT at offset frequency of 1.5 kHz.
Total image acquisition time, including survey, SENSE reference, sagittal T2-weighted (T2-w), short tau inversion recovery (STIR), three DTI, and two MTI scans, was 28 min.
Image processing and analysis

Image registration and diffusion tensor estimation
Coregistration, Adjustment, and Tensor-solving, a Nicely Automated Program (CATNAP), Johns Hopkins University School of Medicine, Baltimore, MD, USA [31] , was used to perform volume-wise coregistration as well as the estimation of DTI-derived indices (i.e., fractional anisotropy (FA), axial diffusivity (AD), and radial diffusivity (RD)) [31] . Specifically, each diffusion-weighted image was registered to an initial b = 0 s/mm 2 (b 0 ; non-diffusion-weighted image) volume using a six degrees of freedom rigid body registration, and the DTI-derived indices were estimated using a multivariate log-linear fitting method. Also, the diffusion gradient tables were updated to account for any rotation prior to the diffusion tensor estimation.
Registration of the MT dataset to b 0 volume was performed in two steps. First, the MT dataset was registered to the b 0 volume using a three-dimensional, six degrees of freedom, rigid body transformation [33] . For added accuracy, this was followed by an additional two-dimensional registration, using a three degrees of freedom rigid body transformation that involved two in-plane translations and one rotation. The detailed Of the 19 individuals with chronic cervical SCI who initially provided informed written consent to participate in the study, data from one individual with TM was excluded from further data analysis after a 1-year follow-up chart review AIS American Spinal Injury Association Impairment Scale, ISNCSCI International Standard of Neurological Classification for Spinal Cord Injury, ISNCSCI-tot total ISNCSCI score, M male, F female, TM transverse myelitis description of this registration process, as well as the process' degree of reproducibility, can be found in Smith et al. [26] .
Diffusion fiber tractography of spinal cord columns and creation of column profiles
Diffusion fiber tractography was performed using DTIStudio [34] . MT images were used to manually place ROIs in the left and right lateral, dorsal, and ventral spinal cord columns, example of which is shown in Fig. 1 . The manual ROI placement was performed on every third axial section along the entire cervical cord in order to yield seed regions for the tractography. FA threshold of 0.2 and a maximum tract turning angle of 60°were used as the stopping criterion, and spurious fibers were manually excluded. Finally, column profiles [26, 35] spanning the vertebral levels C2 and C6 were created for each DTI index. Detailed description of the data processing pipeline and the method's degree of reproducibility can be found in Smith et al. [26] .
Previous study has shown that typical neck length of individuals is approximately 75 mm [26] , corresponding to 25, 3-mm-thick image sections. Using this information, each column profile was normalized to 25 equally-distanced points that span the length of the cervical cord.
Demarcation of regions relative to injury
For each SCI patient, three regions relative to injury (RRI) were identified (Fig. 2) . First, epicenter RRI (ERRI) was manually identified using each individual's sagittal T2-w and axial MT images. Superior RRI (SRRI) was then defined as the region located above the superior edge of the ERRI, up to approximately the length of one vertebral level (~15 mm). Similarly, inferior RRI (IRRI) was defined as the region located below the inferior edge of the ERRI, up to approximately the length of one vertebral level.
Next, locations of the RRIs within the normalized column profile were identified, and DTI index measures for each spinal cord column (left, right, dorsal, and ventral columns), within each RRI region (SRRI, ERRI, and IRRI), were obtained. In instances where severe spinal cord atrophy yielded nonmeasurable DTI values at the site of injury or the extent of injury site expanded beyond the C2 to C6 vertebral levels, ROIs were treated as having missing data points. . a Sagittal T2-weighted (T2-w) images were used to demarcate subject-specific injury regions. Three regions relative to injury-regions superior to injury epicenter (SRRI; b), at injury epicenter (ERRI; c), and inferior to injury epicenter (IRRI; d)-were identified, where ERRI was defined as the injury epicenter, and SRRI and IRRI were defined as one vertebral level above and below the ERRI region. The entire length of the cervical spinal cord spanning the vertebral levels C2 to C6 was defined as the all level (AL) region. Representative axial views of fractional anisotropy (FA) maps for each corresponding RRI regions are shown in b-d, without diffusion direction color-coding
Statistical analysis
Statistical analysis was performed using MATLAB (The Mathworks, MA, USA).
A two-way analysis of variance (ANOVA) was performed to identify significant sources of variation on DTI-derived indices. The result was Bonferroni-corrected, and any corrected p values larger than 1 were set to 1.
Results of the ANOVA analysis were used to eventually conclude that spinal cord columns did not have significant effects on either the DTI indices or the degree of correlation between the DTI indices and ISNCSCI scores, as later described in the BResultsŝ ection. Based on this result, for each DTI-derived index, all following data analyses were performed using only the single Bwhole cord profile^(obtained by averaging the individual column profiles of the four spinal cord columns) instead of using separate cord profiles for each spinal cord columns. Similarly, as we are no longer separating ventrolateral motor columns from dorsal sensory columns by using the whole cord profile, ISNCSCI-tot score was selected as the behavioral outcome measure of choice. The effect of spinal cord RRI on the degree of correlations between diffusion measurements (derived from the whole cord profiles of DTI index values) and residual sensorimotor function (obtained from ISNCSCI) was assessed using a series of linear regression analyses. Specifically, a set of four linear regression analyses was performed for each DTI-derived index, where ISNCSCI-tot was defined as a common independent variable, and four separate dependent variables were defined as DTI index values obtained from (1) the entire length of the cervical spinal cord (between vertebral levels C2-C6, here on referred to as Ball levels^(AL)), (2) SRRI, (3) ERRI, and (4) IRRI regions. Bonferroni correction was used to account for multiple comparisons across different RRI regions.
In order to investigate if motor or the sensory ISNCSCI score had more explanatory power for DTI-derived indices, a stepwise regression analysis was performed. Specifically, the motor and sensory scores were considered as separate potential independent variables, and their effects on each SRRI-and IRRIregion DTI index were tested. And finally, stepwise regression analyses were performed to evaluate whether age and/or time since injury (TSI) had significant effects on DTI indices. TSI, age, and ISNCSCI-tot scores were considered as potential independent variables, and we tested for their effects on each IRRI-region DTI index. Correction for multiple comparisons was not performed for the two stepwise regression analyses.
Results
Demarcation of regions relative to injury
In an effort to increase the potential of DTI indices to serve as imaging biomarkers, we aimed to identify biochemically homogeneous ROIs that are more specific to the damage of the spinal cord, and two such classes of ROIs were initially investigated: (a) one class of ROI was identified using the described spinal cord column segmentation approach with DTI fiber tractography, and constituted of individual spinal cord columns (right and left lateral, dorsal, and ventral columns; Fig. 1). (b) The other class of ROI was identified using subject-specific injury region demarcation approach, and constituted of spinal cord RRIs (SRRI, ERRI, and IRRI regions; Fig. 2) . The effect of spinal cord columns and RRI on FA, AD, and RD was tested using two-way ANOVA. This analysis revealed that significant effect (p < 0.05) of spinal cord RRI existed for all DTI indices ( Table 2 ), indicating that DTI index values of different RRI regions were different from each other. The analysis also revealed that there was no significant effect of spinal cord columns on DTI indices (i.e., different spinal cord columns did not have significantly different DTI index values). Therefore, the relationship between DTI indices obtained from individual spinal cord columns and ISNCSCI scores was further investigated using a series of post hoc linear regression analyses, and no significant correlation between DTI indices from different spinal cord columns and ISNCSCI scores was observed (i.e., no significant lateral effects was observed; results not shown).
FA, AD, and RD values obtained by averaging over each ROI (i.e., AL, SRRI, ERRI, and IRRI regions) of the whole cervical cord profiles are summarized in Table 3 (note that hereon, an ROI from which a specific DTI measures is obtained will be expressed as a subscript of the DTI index-e.g., FA measurement obtained from the AL region is expressed as FA AL ). Lack of injury in healthy spinal cords renders the injury region demarcation and the identification of RRI regions inapplicable. Therefore, in healthy spinal cord, we only Supplementary Fig. S1 visualizes the linear regression analysis results of FA. Results showed that a significant relationship exists between FA AL and ISNCSCI-tot (p = 0.013). The slope was positive, indicating that as impairment became more severe (smaller ISNCSCI-tot), FA AL values decreased. While this positive linear trend between FA and ISNCSCI-tot was preserved when FA AL was further divided into subject-specific regions of FA SRRI , FA ERRI , and FA IRRI , the correlation was significant only for FA IRRI (p = 0.002). Also, the adjusted R 2 value for the FA IRRI (0.576) was larger than that for the FA AL (0.389). Finally, this tendency of tighter correlation between ISNCSCI-tot and IRRI-region DTI indices, compared to the DTI indices from other ROIs, was also true for AD (p = 0.042) and RD (p = 0.009).
We hypothesized that the observed stronger correlation of the IRRI region-derived DTI index values with ISNCSCI-tot may indicate directional contribution from Wallerian degeneration, and that the use of subject-specifically derived DTI indices as a biomarker for the severity of SCI would be affirmed if the degree of individual residual motor or sensory function of patients with SCI couldbe explained specificallybyDTI indices obtainedfrom either the IRRI or SRRI region. To investigate this possibility, we used a stepwise regression analysis. Our data, summarized in Table 5 , indicates that the motor score had significant explanatory power for FA IRRI (p < 0.001), AD IRRI (p < 0.01), and RD IRRI (p < 0.01), while neither motor nor sensory scores had significant explanatory power for SRRI-region DTI indices. In addition, we used a stepwise regression analysis to investigate if other factors such as age or TSI could explain changes in the IRRI regionderived DTI indices. Our data, summarized in Table 6 , confirms that the level of neurological function assessed by ISNCSCI-tot had significant explanatory power for all three DTI indices (FA IRRI (p <0.001),AD IRRI (p <0.05),RD IRRI (p < 0.001)), while age had significant explanatory power for RD IRRI only (p < 0.05). TSI had no significant explanatory for any IRRI-region DTI Stronger correlation (i.e., larger R 2 value) is observed between total ISNCSCI scores (ISNCSCI-tot) and DTI indices obtained from the IRRI region, compared to that between the ISNCSCI-tot and DTI indices obtained from SRRI, ERRI, and AL regions-indicating spatial dependence of the correlation between DTI indices and total ISNCSCI scores *Statistically significant (p < 0.05; corrected) indices. These results confirm that DTI indices measured from the IRRI region, particularly FA IRRI and AD IRRI , are indeed more suitable to serve as non-invasive biomarkers for the severity of SCI and structural improvements in the injured spinal cord independent of age and TSI.
Discussion
DTI tractography can be used to perform semi-automated segmentation of the spinal cord in ways that are effective and reproducible [26] , as well as clinically applicable [24] . In this study, we investigated the usage of DTI indices as biomarkers for spinal cord integrity by introducing a subject-specific injury demarcation approach to a previously established segmentation method to define a more biochemically homogeneous ROIs around the injury epicenter.
Subject-specific demarcation of injury regions
Two classes of ROIs-specifically, spinal cord columns (right and left lateral, dorsal, and ventral columns) and spinal cord RRI (SRRI, ERRI, and IRRI regions)-were initially identified. In particular, spinal cord RRIs were identified using a subjectspecific ROI placement approach to demarcate individual injury regions, which yielded ROIs that are focal and biochemically homogeneous. Such subject-specific approach can reduce partial voluming of DTI index values within ROIs and enable us to probe the tissues more specifically in relation to SCI. This is supported by the observation that while the spinal cord columns did not have significant effects on either the DTI indices or the degree of correlation between DTI indices and ISNCSCI scores, the spinal cord RRI showed significant effects on all three DTI indices (Table 2 )-which suggests that spinal cord RRI is more sensitive to injury severity.
Regional dependence of associations between impairment and diffusion indices
The mean DTI values measured from the entire length of the cervical cord (e.g., FA AL , AD AL , and RD AL ) ( Table 3 ) that represents DTI index values obtained using the conventional non-region-specific approach were within the range of values reported in previous studies, for healthy controls [26, [36] [37] [38] [39] Effect of ISNCSCI motor score and sensory score on SRRI and IRRI region DTI indices was investigated using stepwise regression analyses. Motor score had significant explanatory power for IRRI region-derived DTI indices (FA IRRI , AD IRRI , and RD IRRI ), while neither motor scores nor sensory scores had significant explanatory power for SRRI region-derived DTI indices (FA SRRI , AD SRRI , and RD SRRI ) *Statistically significant (p < 0.05; not corrected) Stepwise regression analyses were performed to determine the optimal multi-linear model for each indices of interest-specifically FA IRRI , AD IRRI , and RD IRRI . Time since injury (TSI), age, and ISNCSCI-tot score were considered as potential independent variables, and their explanatory power on each DTI index value were tested for significance. ISNCSCI-tot had significant explanatory power for all three DTI indices, while age had significant explanatory power for RD only. TSI had no significant explanatory for all three DTI indices *Statistically significant (p < 0.05; not corrected) and chronic SCI patients [14, 23] . Studies have shown that axonal and myelin damage that occurs following SCI is associated with decreased FA and increased RD values [11] [12] [13] [14] . The significant changes in FA AL and RD AL observed in individuals with chronic SCI (Table 3) are also in agreement with the previous findings. Similarly, the observed significant correlation between functional impairment and the values of the DTI indices is in accordance with previous studies [11, 14, 17, 23] , where lower FA and higher AD and RD values are reported to be correlated with worse ISNCSCI scores. Notably, we observed that compared to FA AL , FA IRRI showed stronger correlation with ISNCSCI-tot, which is in accordance with a previous study [17] -indicating that subject-specific regional measures of FA, and in particular, those measured from IRRI region, may be more specific to impairment. A similar trend of stronger correlations between ISNCSCI-tot and other IRRI-region DTI indices, specifically RD IRRI and AD IRRI , was also observed ( Table 4) .
Inclusion of the TM patient cohort was intentional, as we expected the proposed method to be applicable to SCI of different etiologies. However, in order to address the question of whether the inclusion of the TM patient data could have introduced any bias to the result, additional analyses were performed on the subset of data comprised exclusively of traumatic SCI individuals, as shown in the Supplemental Materials (Tables S1-S3 ). The data showed that the results were consistent, irrespective of the inclusion/exclusion of the data from the TM patient cohort-affirming that the proposed method is applicable to SCI of different etiologies.
Wallerian degeneration
Wallerian degeneration describes a secondary anterograde degeneration of axons and myelin sheaths that occurs in regions distal to the primary injury, and identification and characterization of Wallerian degeneration is important for the comprehensive assessment and prognosis of SCI. In spinal cord, Wallerian degeneration is characterized by directionality, as the cord consists of longitudinally arranged major descending motor fibers and ascending sensory fibers-leading to involvement of the mainly ventrolateral motor columns inferior to the primary injury region, and dorsal columns superior to the primary injury region [23, 25, 40, 41] . The directionality observed in the current study (i.e., the high correlation between functional impairment and IRRI-region DTI indices) may therefore indicate that water diffusion measurements in the IRRI region reflect the effects of Wallerian degeneration that are specific to the severity of injury. This is supported in part by the observation that the motor scores displayed significant explanatory power for all three IRRI-region DTI indices (Table 5 ). However, neither motor nor sensory scores had significant explanatory power for SRRI-region DTI indices (Table 5) .
Conventionally, descending motor and ascending sensory columns are defined as ventrolateral and dorsal spinal cord columns, respectively. While extensively adapted in SCI studies by others [23, 42] and us, the definition greatly simplifies the complex structure of the spinal cord. Most noticeably, the above definition of motor and sensory columns disregards the existence of sensory fibers that ascend laterally, such as the spinocerebellar and spinothalamic fibers [43, 44] . Thus, one explanation for the observed lack of correlation of sensory scores with SRRI-region DTI indices, compared to that with IRRI-region DTI indices, may be due to the more distributed nature of the ascending sensory fibers in the spinal cord, which is not fully accounted for in this study. This may also explain the observed lack of significant effect of spinal cord columns on DTI indices (Table 2) .
Finally, ISNCSCI sensory scores are ordinal and non-linear, with each dermatome tested and scored as absent (0), abnormal (1), or normal (2). This introduces subjectivity and rater variability into the scoring system and may lower the direct correspondence between objective MRI markers and subjective clinical ones [45, 46] . Alternative measures of residual sensory function with higher sensitivity exist [45, 47, 48] , but the methods are often time-consuming and impractical for clinical use. Nonetheless, sensory testing methods with high sensitivity may be used to better understand the relationship between the SRRI-region DTI indices and residual sensory function in individuals with SCI.
Study limitations
Recruitment of individuals with SCI for MRI studies-which require participants to lie still for extended time-is challenging due to their often severe sensorimotor impairments. This greatly limited our ability to recruit a homogeneous cohort of SCI patients-of similar TSI, age, and injury level. Here, we briefly discuss the effects of these potential confounds.
First, previous studies have shown that TSI and age affect the values of DTI indices [38, [49] [50] [51] . In order to investigate whether TSI and age had significant effect on DTI indices, we therefore performed a series of stepwise regression analyses. The results showed that ISNCSCI-tot had significant explanatory power (p < 0.05; not corrected) on FA IRRI , AD IRRI , and RD IRRI , while TSI and age did not, as shown in Table 6 . One exception was the relationship between age and RD IRRI , which was significantly correlated. This observation is consistent with previous findings that RD is more sensitive to the effects of aging, compared to other DTI indices [50, 52] . It is, however, also possible that the effect sizes of TSI and age were too small to be observed in this small-sampled group study. This is supported in part by the decreased amount of correlations (but still in the same direction) between DTI index and ISNCSCI scores observed in the data analysis results of a sub-group that include only the patients with a traumatic SCI (Tables S1-S3) .
Secondly, previous studies have shown that FA values decrease 10-15% along the length of the cervical cord (in C2 to C6 direction), possibly modulated by the varying ratio of gray to white matter in different spinal segmental levels [39] . Therefore, we also investigated the possible effects of such underlying decrease of baseline FA values by weighting the FA IRRI values to reflect the varying injury level in SCI patients (refer to Supplemental Text and Fig. S2 for further  description) . Figure S2 shows that when adjusted to reflect the varying injury level in SCI patients, the strength of the correlation between FA IRRI and ISNCSCI-tot becomes stronger. This result, while suggesting that the segmental-leveldependent changes in FA may exist in individuals with SCI, also shows compared to the conventional approach that the proposed subject-specific injury demarcation approach can provide robust outcome measures that are more specific to impairments despite possible confound. A possible explanation of this observation is that by no longer diluting the effect of the injury (e.g., 30-40% FA decrease at and around the injury epicenter) across the entire cervical region, the benefit of the subject-specific demarcation approach outweighs the possible confounding effects.
The small size of the study cohort (n = 18) limits our ability to utilize the abovementioned confounds (i.e., TSI, age, and level of injury) to derive a multivariate model that better describes the association between the behavioral and DTI outcome measures. A future multi-center study with a larger cohort could help create a more accurate description of the relationship by enabling the inclusion of TSI, age, and the level of injury as covariates in the model.
The small size of the spinal cord was an inherent limitation of this study, leading to increased vulnerability to partial volume effect and motion artifact [53] . At cervical level, the anterior-posterior and transverse diameters of the cervical cord are reported as ca. 8.7-14 mm [54, 55] . This may have contributed to the observed lack of significant effect of spinal cord column on DTI indices (Table 2) . One approach for addressing this limitation is to acquire the spinal cord images at higher magnetic field strengths. Our study was performed at 3 T, which provided images with higher SNR and spatial resolution compared to those expected to be provided by 1.5-T magnet, commonly used for clinical diagnostic purposes. As DTI is inherently low in SNR, such benefits of higher field strengths are especially important for DTI, and we expect that the sensitivity and the accuracy of DTI in probing spinal cords microstructures would be even more enhanced in higher field strength (e.g., 7 T). However, trade-offs also exist-that at higher field strengths, chemical shift, susceptibility, and flow/motion artifacts are enhanced-and caution is warranted when analyzing images acquired at higher fields. Another approach would be to acquire higher-resolution images using motion-artifact reducing techniques, such as respiratory and cardiac gating. However, these techniques often require longer scan times that are clinically infeasible for individuals with paralysis. There is also the issue of image misregistration, which is exacerbated by the small cord size. In this study, we used a robust registration scheme utilizing a publically available CATNAP program [31, 56] to minimize the effects of misregistration. Future studies may also benefit from more advanced MR acquisition methods such as accelerated parallel imaging techniques [57, 58] .
Finally, CATNAP was also used to perform the tensor estimation by utilizing a multivariate log-linear fitting method. During this process, each DW image and its corresponding vector from the gradient table were entered as unique entries, and no averaging of DW images was performed. The multivariate log-linear fitting method is a simple, yet widely adapted tensor estimation method that has previously been shown to reproducibly estimate DTI-derived indices [31, 59, 60] . It is however a well-known fact that the use of different fitting algorithms such as weighted linear and non-linear least squares can systematically influence the estimation of DTIderived indices [61] . Consequently, other more robust fitting methods have been proposed over the years to address the issue [61] [62] [63] [64] . An interesting area of future research would be to evaluate how different tensor fitting methods impact the precision and accuracy of the DTI-derived indices from impaired spinal cords, and whether more robust fitting methods will yield DTI measures that are even more specific to impairment.
Conclusion
DTI allows for non-invasive assessment of the severity and level of SCI, as well as objective and efficient semi-automated segmentation of the spinal cord. We investigated whether subject-specific demarcation of the injury region, performed using DTI fiber tractography, yields diffusion measures that are more specific to impairment. Results showed that the proposed approach preserved information specific to each individual's injury, and the resulting subject-specific RRIs were a large source of variation for DTI indices. Importantly, IRRIregion DTI indices demonstrated the strongest correlation with impairment, indicating that DTI index measurements from IRRI region have a strong potential to serve as biomarkers for the severity of SCI. Indeed, this correlation suggests that diffusion measures in this region may be more sensitive to Wallerian degeneration in the descending ventrolateral motor columns. We therefore conclude that regional analysis of water diffusion using subject-specific injury demarcation is more specific to impairment, and potentially can have a clinical application in diagnosis of SCI severity and in measuring anatomical improvements in response to therapeutic interventions.
